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A hybrid electrochemical energy storage device was fabricated in aqueous NaOH with the 2,2,6,6-tetramethyl-1-piperidinyloxy 
(TEMPO) nitroxide radical as the active material, hydroquinone as the counter electrode active material, and an OH−-selective 
separating membrane. The working principle of this device was investigated and it can be considered as a supercapacitor-battery 
hybrid energy storage system. Device performance was characterized by cyclic voltammetry and galvanostatic charge-discharge 
testing. When using multi-walled carbon nanotubes (MWCNTs) as electrode support materials, a high pseudo-capacitance of 
1280 F g
−1 was obtained with the TEMPO nitroxide radical as the active material at a 1 mV s−1 scan rate. This was ~33 times larg-
er than the inherent double layer capacitance of MWCNTs. The electrode material and active material dissolved in solution could 
potentially be substituted with similar materials. This simple design provides a new approach for fabricating high performance 
supercapacitor-battery hybrid energy storage devices. 
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The demand for advanced electrochemical energy storage 
devices with increased power and energy densities is con-
tinuously increasing because of sustainable energy and en-
vironmental issues [1,2]. Supercapacitors represent the state 
of the art in high power systems, while rechargeable batter-
ies (particularly lithium-ion batteries) are the highest energy 
storage facilities [3–5]. Hybrid energy storage devices, us-
ing both supercapacitor and battery electrodes in a single 
unit cell, provide a clever solution combining the ad-
vantages of the two energy storage systems. Clearly, such 
high performance hybrid devices cannot necessarily be 
achieved by combining any supercapacitor and rechargeable 
battery. Supercapacitors and rechargeable batteries operate 
over different potential ranges and in different electrolytes 
[6,7]. Energy storage in traditional supercapacitors and re-
chargeable batteries is usually based on active solid elec-
trode materials which limit energy density. If active materi-
als with reversible redox properties can be stored in solution, 
high energy devices may be obtainable. The Li-Cu battery is 
an example of this, where a Cu-cathode in aqueous electro-
lyte and a Li-anode in non-aqueous electrolyte, are separated 
by a lithium super-ionic conductor glass film (LISICON) in 
the hybrid electrolyte [8]. The redox flow battery (RFB) has 
recently also received much attention because of its 
high-efficiency, low cost, large-scale energy storage where 
active materials are dissolved in electrolyte solution. The 
vanadium redox flow battery is thought to be the most prac-
tical candidate [9]. Present RFBs are based on inorganic 
active materials restricted by limited mineral resources. Or-
ganic active materials are good candidates for energy stor-
age devices, because they can be synthesized from biomass  
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via green chemistry and are more easily recyclable [10]. 
The 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) nitro-    
xide radical is a stable organic species which undergoes re-    
versible reduction and oxidation. Poly(2,2,6,6-tetramethyl-      
poperidinyloxy methacrylate) (PTMA) containing embed-
ded TEMPO has been applied to both cathodic active mate-
rials in rechargeable batteries and positive electrode materi-
als in hybrid electrochemical capacitors [11]. In the current 
study, we report a hybrid electrochemical energy storage 
device using multi-walled carbon nanotubes (MWCNTs) as 
the supporting electrode, where all active materials dis-
solved in aqueous solution. An important point is the use of 
the TEMPO nitroxide radical as the anodic active material 
and hydroquinone (HQ) as the cathodic active material, 
which were separated by an OH−-selective membrane. The 
devices electrochemical performance was investigated by 
cyclic voltammetry and galvanostatic charge-discharge 
testing. The device afforded high capacitance through non- 
faradic reactions of supporting electrode via charge separa-
tion on the electrode material/electrolyte interfaces, and the 
faradic redox-reactions of TEMPO nitroxide radical be-
tween its different oxidation states [12]. While the former 
provides the well-known double layer capacitance, the latter 
results in high pseudocapacitance.  
1  Materials and methods 
The hybrid electrochemical energy storage device contained 
an anode and cathode separated by an OH−-selective mem-
brane (Astom Corp, Japan.), as shown in Figure 1(a). The  
 
Figure 1  The hybrid electrochemical energy storage device prepared in 
this study: (a) schematic and (b) photograph. 
membrane permitted solely OH− to permeate it. A mixture 
of MWCNTs, carbon black and Teflonized acetylene black 
(TAB) at a weight ratio of 80:10:10, was pasted onto a Ni 
net (4 cm × 0.8 cm × 0.1 mm) which formed the two sup-
porting electrodes. The active powder (~1.5 mg) was 
pressed onto the Ni net and formed a pellet with 0.6 cm × 
0.6 cm × 0.1 mm in length × width × thickness. Equimolar 
ratios of TEMPO nitroxide radical and HQ were dissolved 
in 100 mL of aqueous 1 mol/L NaOH as the active materials 
for the anode and cathode, respectively. Figure 1(a) shows 
that both the anode (working electrode) and reference elec-
trode (saturated calomel electrode, SCE) were immersed in 
TEMPO/NaOH solution, while the cathode (counter elec-
trode) was so in HQ/NaOH solution. Figure 1(b) shows an 
optical image of a real device built in this study. 
Cyclic voltammograms (CVs) were measured on a Par-
stat 2273 advanced electrochemical system, at scan rates 
varying from 1 to 100 mV s
−1. Galvanostatic charge-discharge 
tests of the assembled device were carried out on an Arbin 
BT2000 system, over the voltage range −0.8 – 0 V with re-
spect to SCE under different current densities. All potentials 
reported were referenced to SCE. 
2  Results and discussion 
Figure 2(a) shows CV curves of the MWCNT electrode 
(line i), 5 mmol/L TEMPO nitroxide radical (line ii) and   
5 mmol/L HQ (line iii), in 1 mol/L NaOH solution at a scan 
rate of 10 mV s
−1 and −0.8 − 0 V voltage window. The CV 
curve for MWCNT exhibited a nearly rectangular shape 
without obvious peaks, which is typical for capacitive be-
havior. The CV curve for TEMPO nitroxide radical exhib-
ited a reversible redox peak at −0.4 V in NaOH solution, 
which was ascribed to the transition between the aminoxy 
anion state and the nitroxide radical state (Figure 3). This 
may have resulted in the redox capacitance. The difference 
between anodic (Ea: −393 mV) and cathodic (Ec: −436 mV) 
peak potentials was as small as 43 mV at a 10-mV s
−1 scan 
rate, which implied a fast reversible electrochemical reac-
tion for the TEMPO nitroxide radical. The CV curve for HQ 
exhibited two redox pairs at around −0.6 and −0.18 V, the 
former (Ea: −633 mV; Ec: −604 mV) reflecting the reversible 
inter-conversion of HQ and 1,4-benzoquinone (Ec−Ea =   
29 mV) (Figure 3). The peak current of the redox peak at 
−0.18 V decreased with increasing scan rate (not shown), 
which might not be used for supercapacitors due to the ir-
reversible redox reaction. The devices open circuit voltage 
was −0.16 V, and the initial cathodic peak represented the 
reduction of the TEMPO nitroxide radical to the aminoxy 
anion. HQ was correspondingly oxidized to 1,4-benzoquinone 
in aqueous NaOH. Cycling tests in Figure 2(b) showed no- 
obvious peak current loss after 90 cycles in 10 mmol/L 
TEMPO nitroxide radical, further demonstrating the excellent  
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Figure 2  (a) CV curves of the MWCNT electrode in 0 mmol/L TEMPO 
nitroxide radical (i), 5 mmol/L TEMPO (ii) and 5 mmol/L HQ (iii), in 1 mol/L 
NaOH solution with a 10 mV s
−1 scan rate. (b) CV curves in 10 mmol/L 
TEMPO nitroxide radical with a 10 mV s
−1 scan rate. 
 
Figure 3  Reversible redox reactions of TEMPO nitroxide radical and HQ. 
chemical stability of this redox system. 
The specific capacitance was calculated from the CV 
curves using the equation C = Q/mV, where Q is the integra-    
tion of current and time, V is the voltage range, and m is the 
mass of the MWCNT electrode. Specific capacitances for  
1 mol/L NaOH electrolyte containing TEMPO nitroxide 
radicals at different concentrations are summarized in Fig-
ure 4 (a). Scan rates of 1, 2, 5, 10, 20, 50 and 100 mV s
−1  
 
Figure 4  (a) Specific capacitance of the MWCNT electrode with in-
creasing TEMPO nitroxide radical concentration, in 1 mol/L NaOH elec-
trolyte at different scan rates. (b) Galvanostatic charging-discharging 
curves in 100 mmol/L TEMPO nitroxide radical at different current densi-
ties of 10, 8, 6, 5 and 4 A g−1. 
were performed for each TEMPO nitroxide radical concen-
tration. Figure 4(a) indicates that specific capacitance in-
creased with increasing radical concentration and decreased 
with increasing scan rate. A greater quantity of TEMPO 
nitroxide radicals undergoing redox reaction may have been 
responsible for the former trend. The latter may have been 
attributed to less efficient diffusion of TEMPO nitroxide 
radicals to the MWCNT electrode reaction interface [13]. 
For a TEMPO nitroxide radical concentration of 100 mmol/L, 
capacitance exceeded 1200 F g
−1 when it was only 38 F g−1 
in the absence of TEMPO nitroxide radical at a 1-mV s
−1 
scan rate. Thus, high pseudo-capacitance was contributed to 
by the TEMPO nitroxide radical redox reaction in aqueous 
NaOH. 
Galvanostatic charge/discharge measurements were car-
ried out to further investigate the electrochemical perfor-
mance of the device. A potential range −0.8−0 V at different 
current densities were used for the tests, which were carried 
out in 100 mmol/L TEMPO nitroxide radical and 1 mol/L 
NaOH solution. Figure 4 (b) shows the measurement was 
conducted by first discharging and then charging the device. 
Curves were comprised of three distinct parts: two sharp 
voltage drops from 0 to −0.3 V and from −0.6 to −0.8 V, 
and one voltage plateau from −0.3 to −0.6 V. The two volt-
age drops may have been ascribed to the electric double- 
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layer capacitance of the MWCNTs electrode, while the long 
plateau may have been caused by the combination of the 
electric double-layer capacitance from MWCNTs and the 
faradaic capacitance from the TEMPO nitroxide radical [14]. 
There was a discharging-charging voltage platform at −0.4 V, 
which was consistent with the redox peak at −0.4 V ob-
served for TEMPO nitroxide radical reaction. Discharge 
time increased with decreasing current density, hence ca-
pacitance increased. These results are in good agreement 
with those from the above CV curves. 
3  Conclusions 
A novel environmental-friendly hybrid energy storage de-
vice has been developed, with the TEMPO nitroxide radical 
serving as the active material, HQ as the counter active ma-
terial and an OH−-selective separating membrane. The re-
versible redox reaction of the TEMPO nitroxide radical 
provided a significant pseudo-capacitance far beyond the 
electric double-layer capacitance of MWCNTs. The specific 
capacitance increased with increasing TEMPO nitroxide 
radical concentration. A maximum specific capacitance of 
1200 F g
−1 was obtained at the scan rate of 1 mV s−1. The 
electrode material and active material dissolved in solution 
could potentially be exchanged for alternative materials, 
with either high electric double-layer capacitance or high 
pseudo-capacitance within the appropriate electrochemical 
potential ranges. This simple design provides a new ap-
proach for fabricating high performance supercapacitor- 
battery hybrid energy storage devices. 
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